Radiotherapy is an effective treatment for the majority of types of localized solid cancer. However, the risk of side effects to the surrounding normal tissues limits radiotherapeutic approaches. Whilst the mechanism of action of valproic acid, an inhibitor of histone deacetylase, remains unknown, the inhibitor is a potential antineoplastic radiosensitizer. The present study demonstrated the in vitro radiosensitizing effects of valproic acid on the human breast cancer MCF7 cell line, and revealed that valproic acid increased the level of DNA breakage, apoptosis and senescence. In addition, western blot analyses revealed that valproic acid induced tumor suppressor protein (p)53 and p21 expression, and activated checkpoint kinase 2 (CHK2) in MCF7 cells and primary mouse embryonic fibroblasts. Notably, treatment with valproic acid also induced increases in the level of p21 protein levels and CHK2 activity in p53-null colon cancer HCT116 cells. Furthermore, the present study demonstrated that valproic acid-induced radiosensitization was largely dependent on the activity of CHK2. The results of the present study reveal that valproic acid may exhibit clinical utility with respect to increasing the anticancer efficacy of radiotherapy by affecting the level of p53.
Introduction
Epigenetic modifications of chromatin, such as acetylation, methylation and the phosphorylation of histones, result in dynamic changes to the structure of chromatin in a diverse range of biological conditions, which affect the transcriptional activity of the associated genes including those in the SWItch/Sucrose Non-Fermentable subfamily by altering chromatin packaging (1) . The accumulation of acetylated histones, catalyzed by histone acetyltransferase (HAT), neutralizes positively charged lysines, which alters the conformation of chromatin and provides greater access to the promoter regions of the genes for the transcription factor complexes (2) . Conversely, histone deacetylase (HDAC) removes the acetyl group from the lysine residues, leading to a condensation of chromatin and a transcriptional inactivation of the genes (3) . There have been efforts to develop HDAC inhibitors as cancer or adjunct treatments. The exact mechanisms of action of these compounds remain unknown, but it has been hypothesized that the disturbance of proper gene expression by epigenetic pathways is involved (3, 4) .
Valproic acid is a chemical compound that has been used clinically as an anticonvulsant and mood-stabilizing drug. However, valproic acid has also been demonstrated to inhibit HDAC enzymatic activity and enhance tumor cell radiotoxicity following irradiation (5) (6) (7) . In addition to exhibiting an advantageous pharmacological profile, including oral bioavailability and minimal toxicity of the compound, valproic acid is considered to be a strong candidate for clinical use as a radiosensitizer.
The present study aimed to determine the anti-neoplastic potential of valproic acid combined with irradiation, demonstrating that the HDAC inhibitor conferred radiosensitivity, which caused DNA damage and decreased the rate of survival of cancer cells. Furthermore, valproic acid led to a marked accumulation of tumor suppressor protein (p)21 in cells lacking p53, suggesting that valproic acid may be used in the treatment of various types of cancer with altered p53 status. Additionally, valproic acid-induced radiosensitization was associated with the activation of checkpoint kinase 2 (CHK2), suggesting an induction of a DNA-damage response. Collectively, these data suggest that the use of valproic acid as an adjuvant therapy provides a novel strategy for maximizing the therapeutic effectiveness of cancer radiotherapy.
Materials and methods
Cell culture and analysis. The MCF7 cells were obtained from the American Type Culture Collection (Manassas, VA, USA). To generate the mouse embryonic fibroblasts (MEFs), timed harem matings were produced by housing 4 female mice with one male/cage overnight and examining for vaginal plugs the following morning [0.5 days post coitum (dpc)=noon of the day when a vaginal plug was found]. MEFs were obtained from embryos at 14.5 dpc as described previously (8) . p53-and CHK2-mutant MEFs were generated from intercrosses between p53 +/-and Chk2 +/-mice, respectively, according to previous protocol, and did not exhibit any detectable phenotype until breeding (9, 10) . All animal procedures were approved by the Institutional Animal Care and Use Committee of the National Cancer Center, in accordance with the National Institutes of Health Guide for the Care and Use of Animals. All comparisons between wild-type and mutant MEFs were performed within the same littermate-derived cells. The 150 mM valproic acid stock solution was prepared in absolute ethanol and consequently diluted into 20% fetal bovine serum containing Dulbecco's modified Eagle medium prior to treatment. The cells were pretreated with the indicated concentrations of valproic acid 1 day prior to irradiation, then harvested for additional analysis.
Colony-formation assays were performed as previously described (11). Trypsin-harvested cells were counted using a Z1 Coulter Counter (Beckman Coulter, Inc., Brea, CA, USA), and were plated at a density of 200 cells/60-mm dish. Subsequent to a 2-week culture, the colonies were fixed in methanol and stained with Giemsa solution (Fluka, Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). The number of colonies for each experimental condition was determined by averaging the results from triplicate plates. MTT assays were performed using an in vitro toxicology assay kit (Sigma-Aldrich; Merck Millipore) according to the manufacturer's protocol. Senescence staining was performed using a senescence β-galactosidase staining kit (cat. no. 9860; Cell Signaling Technology, Inc., Danvers, MA, USA) according to the manufacturer's protocol. In brief, 2% formaldehyde and 0.2% glutaraldehyde-fixed cells were incubated at 37˚C with senescence staining solution, consisting of the following: 1 mg/ml of 5-bromo-4-chloro-3-indolyl P3-D-galactoside (X-Gal); 40 mM citric acid; sodium phosphate, pH 6.0; 5 mM potassium ferrocyanide; 150 mM NaCl; 2 mM MgCl 2 .
For the flow cytometry analyses, the cells were harvested using trypsinization, fixed in 70% ethanol, and resuspended in propidium iodide solution. Cellular fluorescence was monitored using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). DNA content and cell-cycle distribution were analyzed using CellQuest (version 5.1.2; BD Biosciences) and ModFit LT version 3.0 (Verity Software House, Topsham, ME, USA) software.
Comet assay. All comet assays were carried out under denatured conditions using a Comet assay kit (Trevigen, Inc., Gaithersburg, MD, USA), according to manufacturer's protocol. The MCF7 cells treated with valproic acid and/or irradiation were harvested using trypsinization, mixed with low-melting agarose at 37˚C and plated onto comet slides. The slides were immersed in a pre-chilled lysis solution and incubated at 4˚C overnight, and then electrophoresed and stained in 2.5 µg/ml propidium iodide solution. The lengths of the comets were measured and analyzed using a Komet 4.0.2 image analysis system (Andor Technology, Ltd., Belfast, UK).
Western blot analysis. Western blot analyses were carried out using enhanced chemiluminescence detection, as previously described (12 Bioinformatic analyses. Gene expression datasets for the valproic acid-treated cancer and embryonic cells were searched and retrieved from the National Center for Biological Information (NCBI) Gene Expression Omnibus (GEO) database (13) . Among the resulting query hits, the GSE51952 data series for hepatocellular cancer HepG2 cells and GSE23958 series for E14 MEFs treated with 2 mM valproic acid were chosen. Data files were loaded onto Expander software (version 7.1; Tel Aviv University, Tel-Aviv, Israel) (14) . Expression data were normalized using quantile-normalization, and differential expression between negative control and valproic acid treated groups was analyzed using Student's t-test (false discovery rate, P<0.05). The biological and functional features of significantly upregulated or downregulated genes were analyzed using the database for annotation, visualization and integrated discovery bioinformatics resources (15) . The gene set enrichment of differentially expressed genes was analyzed using Expander software.
Statistical analysis. An unpaired Student's t-test was used to compare differences as specified in the text. P<0.05 was considered to indicate a statistically significant difference.
Results

Valproic acid exerts a radiosensitizing effect in MCF7 cells.
To test whether valproic acid confers a tumor cell-killing advantage in radiotherapy, the present study examined the radiosensitizing effect of 1 mM valproic acid by determining the survival rate of irradiated MCF7 cells in the absence and presence of valproic acid using colony-formation assays. Pretreatment of MCF7 cells with valproic acid significantly reduced MCF7 cell survival compared with cells exposed to radiation only, over a range of 1-5 Gy irradiation doses (1 Gy, P=0.036; 3 Gy, P=0.022; 5 Gy, P=0.001). Only the highest dose, 7 Gy, in the colony-formation assays was not potentiated by valproic acid, as demonstrated in Fig. 1A .
To examine whether the radiosensitizing effect of valproic acid was a marker of the extent of DNA damage, the DNA damage in the absence and presence of valproic acid and irradiation was measured. The MCF7 cells were irradiated at a dose of 10 Gy, with or without 2 mM valproic acid, and the DNA strand breaks were measured by single-cell gel electrophoresis, comet assays, under denaturing conditions. Notably, the analysis demonstrated that valproic acid treatment significantly increased the level of DNA strand breaks compared with untreated cells (presence of radiation, P=0.0001; absence of radiation 0.002; Fig. 1B and C). To determine whether the valproic acid-induced DNA damage conferred an increase in the level of apoptosis, a cell-cycle analysis of the MCF7 cells treated with 2 mM valproic acid and exposed to a 10 Gy dose of irradiation was performed. Flow cytometry analyses revealed that valproic acid exposure increased the population of cells in the apoptotic sub-G1 phase from 10 to 16% in the absence of irradiation, and from 15 to 22% in the presence of irradiation, as demonstrated in Fig. 1D and E. These results indicated that the radiosensitizing effect of valproic acid was associated with an increase in the level of DNA breakage and apoptosis, which led to a reduction in the cell survival rate.
Valproic acid promotes MCF7 cell senescence. Although colony-formation assays are considered the 'gold standard' for measuring cell survival, the estimation of the effects of valproic acid on cell survival using the approach of the present study revealed that colonies from valproic acid-treated cells were smaller in size, with less cell spreading compared with untreated cells, regardless of the level of irradiation status, as illustrated in Fig. 2A . This result suggested that treatment with valproic acid inhibited the proliferation of tumor cells during colony formation. To understand the contribution of senescence, characterized by a spontaneous decline in growth rate during cell culture, the association between the decrease in colony size and senescence, which is essential for cell survival, was investigated. It was revealed that the treatment of MEFs with valproic acid increased the activity of senescence-associated β-galactosidase (SA-β-gal), a characteristic marker of senescence, as measured by X-gal staining and demonstrated in Fig. 2B . In addition, valproic acid induced a concentration-dependent accumulation of the senescence marker DCR2 in MEFs, as illustrated in Fig. 2C . Thus, valproic acid may induce premature senescence, which suppresses the growth of MCF7 colonies. To compensate for the difference in colony size, MTT assays were performed, and compared with the results of the colony-formation assay, as demonstrated in Fig. 2D . These results revealed that the survival rate of 1 Gy-irradiated MCF7 cells was 98 and 88% in colony-formation and MTT assays, respectively. However, MCF7 cell survival following treatment with 1 mM valproic acid was 82 and 39% in colony formation and MTT assays, whereas the corresponding percentages for cells treated with valproic acid and irradiation were 67 and 23%, respectively. These data indicated that valproic acid reduced the number of surviving cells, measured as colonies formed, and reduced the level of growth of MCF7 cells in surviving colonies, which efficiently prevents tumor growth.
Activation of CHK2 by valproic acid.
To understand the association between valproic acid-induced cytotoxicity and DNA damage response, the levels of ATM serine/threonine kinase (ATM) and ataxia telangiectasia and Rad3-related protein (ATR) phosphorylation, initiators of DNA damage responses, were investigated in primary MEFs and MCF7 cells following treatment with valproic acid. The cells were treated with 1 mM valproic acid for 24 h, irradiated at a dose of 3 Gy and harvested at 1 h or 1 day following irradiation. As illustrated in Fig. 3A , irradiation immediately increased the levels of ATM phosphorylation. However, the levels of ATM and ATR phosphorylation were not affected by treatment with valproic acid, regardless of irradiation. The expression patterns of CHK2 and p53, downstream effectors of ATM, were examined under the same conditions. These experiments revealed an increase in the level of CHK2 in valproic acid-treated MEFs regardless of irradiation, as demonstrated in Fig. 3B . To confirm the contribution of valproic acid to CHK2 activation, the CHK2 status in MCF7 cells was examined. Western blot analysis revealed that the level of CHK2 phosphorylation in the valproic acid-treated MCF7 cells was higher compared with the untreated controls, regardless of irradiation, as illustrated in Fig. 3C . CHK2 accumulation was also greater in the MEFs treated with valproic acid and irradiated for up to 4 days, compared with the MEFs treated with irradiation only, as demonstrated in Fig. 3D . Thus, these data suggested that valproic acid is involved in the activation of CHK2, which enables the induction of a DNA damage response.
Valproic acid induces p21 expression in p53-null tumor cells.
To assess whether the p53-dependent expression of p21 is required for the radiosensitizing effect of valproic acid, the wild-type p53 and p53-null colon cancer HCT116 cells were irradiated in the absence or presence of valproic acid, and the levels of p53 and p21 were investigated by western blot analysis. As demonstrated in Fig. 4A , irradiation of the wild-type p53-expressing HCT116 cells markedly increased p53 levels, which were also upregulated by treatment with valproic acid. The levels of p21 expression also increased subsequent to treatment with irradiation and valproic acid. Notably, treatment with valproic acid, but not irradiation, markedly induced the expression of p21 in the p53-null HCT116 cells. To confirm the p21-inducing effect of valproic acid in the absence of p53, the effect of valproic acid concentration and treatment duration on the expression patterns of CHK2, p53 and p21 in the p53 wild-type and p53-null primary MEFs were examined. The present study revealed that treatment with valproic acid induced p21 expression and CHK2 phosphorylation in the p53 -/-and p53 +/+ MEFs, as demonstrated in Fig. 4B and C. In addition, longer incubations and higher concentrations of valproic acid resulted in the degeneration of the cytoskeletal network in the MEFs, although the p53 -/-MEFs were more resistant to this effect than the p53 +/+ MEFs. These data indicated that valproic acid induced the expression of p21 in the p53-null cell lines, suggesting that it may control the growth of p53-null tumors.
Prevention of CHK2 activation decreases valproic acid-induced growth suppression.
To determine the contribution of CHK2 to valproic acid-induced p21 accumulation, the wild-type and CHK2-null MEFs were irradiated in the absence or presence of valproic acid, and the levels of p53 and p21 were investigated by western blot analysis. As demonstrated in Fig. 5A , irradiation induced p53 in the Chk2 +/+ MEFs, but not in the Chk2 -/-MEFs. In addition, irradiation and treatment with valproic acid upregulated p21 in the Chk2 +/+ MEFs, but only irradiation induced an increase in p21 levels in the Chk2 -/-MEFs. To confirm the contribution of CHK2 to the valproic acid-induced radiosensitizing effect, the survival of the Chk2 +/+ and Chk2 -/-MEFs in the absence or presence of valproic acid and irradiation was assessed, as illustrated in Fig. 5B . Treatment with irradiation and/or valproic acid reduced the survival of the Chk2 +/+ MEFs by >50%, whereas the Chk2 -/-MEFs were significantly resistant (treatment with valproic acid, P=0.013; irradiation, P=0.007; combined treatment, P=0.016) compared with the Chk2 +/+ MEFs under every treatment condition. These results suggested that CHK2 is involved in the valproic acid-induced upregulation of p21 and suppression of cell growth.
Bioinformatic analyses of valproic acid-dependent differential gene expression.
A bioinformatics analysis conducted using a similar data set (GSE51952) from the NCBI GEO public database revealed the differential expression of 924 genes following the treatment of HepG2 cells with 2 mM valproic acid. The CHK2 transcript was not classified as the genes that showed significant differential expression, whereas the transcripts for p21 (CDKN1A), demonstrated in Fig. 6A , and CHK1, demonstrated in Fig. 6B, were significantly altered (P<0.0001) . Notably, p21 was also part of a gene signature belonging to the 'response to toxin' or 'response to drug' categories of the Gene Ontology-Biological Process guidelines (16) . In addition, the decrease in p53 expression in HepG2 cells suggested that the radiosensitizing effect of valproic acid was dependent on p53 expression and on the activities of other gene sets. The gene set enrichment analyses of differentially expressed genes subsequent to treatment with valproic acid demonstrated elevated enrichment scores for gene sets involved in 'G1 to S cell cycle control', 'TP53 network', 'miRNAs involved in DNA damage response' and 'statin pathway', as illustrated in Fig. 6C . The enrichment score at the peak indicates the degree to which a gene set is overrepresented at the top of a ranked list of genes, and the 'Hit', in the centre of the panel, indicates where the members of the gene set appear in the ranked list of genes (17) . These results suggested that the significant increase in gene activities associated with the 'response to drug' or 'response to toxin' categories subsequent to treatment with valproic acid contributed to the susceptibility of cells to irradiation.
Discussion
The balance between chromatin condensation and decondensation, reflecting the nature and degree of histone modifications, is important for the regulation of transcription during cell survival and death. Thus, a dysregulation of HAT and HDAC activities is frequently associated with altered phenotypes, including cancer, highlighting the potential clinical utility of HDAC inhibitors as anticancer drugs. In addition to monotherapy trials, combined treatment with HDAC inhibitors and radiation is receiving attention due to the synergistic therapeutic effects demonstrated (18, 19) . At present, diverse inhibitors of HDAC have been revealed to enhance radiosensitivity in vitro and in mouse xenograft models of human cell lines, although the detailed mechanisms responsible for this radiosensitizing effect remain unknown.
Valproic acid is a well-tolerated drug used to treat seizure disorders that has recently been demonstrated to inhibit HDAC (6) . The results of the present study showed that valproic acid enhanced the radiosensitivity of human tumor cells and normal mouse cells. The in vitro experiments revealed that treatment with valproic acid suppressed MCF7 cell survival in colony-formation assays through interference with DNA breakage and apoptosis, analyzed by comet assays and fluorescence-activated cell sorting analysis, respectively. Treatment with valproic acid was revealed to reduce the levels of proliferation of cells in the surviving colonies compared with the untreated cells or the cells exposed to irradiation only. The normal MEFs cultured in valproic acid-containing media exhibited senescent morphology and expressed the cellular senescence marker, SA-β-gal. Subsequent western blot analyses demonstrated that valproic acid also altered the levels of the molecular marker of senescence, DCR2.
The combination of radiation and valproic acid revealed a greater ability of valproic acid to promote the accumulation of p53 for up to 4 days in wild-type MEFs compared with irradiation alone. A study using colorectal cancer HCT116 cells reported that valproic acid enhances tumor growth suppression subsequent to irradiation only in cells with a wild-type p53 status (20) , suggesting that valproic acid-induced radiosensitization is p53-dependent. Valproic acid was subsequently suggested to stabilize a specific acetyl modification, lysine 120, of the p53 tumor-suppressor protein, resulting in an increase in the proapoptotic function this protein at the mitochondrial membrane (21) . The radiosensitizing effect of trichostatin A, an additional HDAC inhibitor, has been suggested to be affected by the levels of p53 and ATM of the cells tested (22) . However, in human cancer, >50% of tumors contain a mutation or deletion of the p53 gene, which increases the likelihood for uncontrolled cell division (23) , as p53 serves a central role in mediating the DNA-damage response through the transactivation of numerous growth-inhibitory or apoptotic genes, including p21 (24) . Thus, the inactivation of p53 has been revealed to correlate with poor prognosis and resistance to chemotherapy and radiotherapy in malignant tumors (25, 26) . Hence, establishing the dependence of the activities of anticancer drugs on the cellular expression of p53 is important. Notably, the results of the present study demonstrated that valproic acid increased the p21 levels in p53-null colon cancer HCT116 cells to a degree comparable to that of p53-wild type cells, as illustrated in Fig. 4 . As the inactivity of p53 in tumors is associated with resistance to a number of commonly used anticancer agents, valproic acid, which induced p21 independent of p53, may be useful in the treatment of these types of tumors, independently or in combination with radiotherapy.
In the present study, it was also demonstrated that valproic acid activates CHK2, a kinase that phosphorylates p53 subsequent to DNA damage, in the MCF7 cells and primary MEFs. Valproic acid increased the levels of threonine-68 phosphorylation of CHK2, and the protein levels of CHK2 in the MCF7 cells and primary MEFs, respectively. In the wild-type MEFs, treatment with valproic acid alone induced CHK2 activation, but the combined treatment with valproic acid and irradiation produced a greater effect. Prolonged treatment with valproic acid, lasting up to 3 days, in the presence of irradiation induced a greater degree of CHK2 expression in the primary MEFs, suggesting that the activation of CHK2 affects the radiosensitizing effect of valproic acid. A previous report using prostate cancer DU145 cells revealed that the combined pretreatment of valproic acid and 1,25-dihydroxyvitamin D3 enhanced the irradiation-induced activation of CHK2 by 39.0%, compared with 23.8% in non-pretreated cells (P<0.05) (27) . The treatment of cancer cells with valproic acid revealed a senescence-inducing activity and an induction of p21 expression, which correlated with the growth-inhibitory and antitumor activity of valproic acid (28, 29) . Notably, senescence is associated with the phosphorylation and activation of CHK2 in human fibroblasts, and CHK2 inactivation in human fibroblasts has been shown to decrease the expression of p21 (30) . In addition, the viral expression of CHK2 in p53-defective breast carcinoma SK-BR-3 cells and immortalized keratinocyte HaCaT cells leads to senescence and a transcriptional induction of p21, suggesting that a CHK2-mediated, p53-independent pathway may contribute to tumor suppression and affect the outcome of genotoxic treatments (31) . The present study also confirmed that the deletion of CHK2 in the MEFs decreased the level of Genes associated with the cell cycle, including AURKA, CHEK1, CCNA2 and TP53 were downregulated following treatment with 2 mM valproic acid. (C) Gene set enrichment analysis of 924 differentially expressed genes revealed highly enriched gene sets in HepG2 cells following treatment with 2 mM valproic acid treatment for 24 h. The significant gene sets (P= 0.014) were 'G1 to S cell cycle control', 'TP53 network', 'miRNA for DNA damage response' and the 'statin pathway'. The enrichment score at the peak reflects the degree to which a gene set is overrepresented at the top of a ranked list of genes. The middle portion, 'Hit', shows where the members of the gene set appear in the ranked list of genes. The ranking metric shows a phenotype of a positive correlation of 592 upregulated genes and a negative correlation of 332 downregulated genes with valproic acid treatment. miRNA, microRNA; TP53, tumor protein p53; VA, valproic acid; CTL, control.
valproic acid-induced upregulation of p21 and suppression of cell growth, suggesting that CHK2 is involved in the radiosensitizing effects of valproic acid.
To identify the mechanisms responsible for the valproic acid-induced activation of CHK2, changes in the CHK2 transcript levels in the presence of valproic acid were investigated by reverse transcription quantitative polymerase chain reaction. However, this analysis revealed no significant induction of CHK2 transcripts (data not shown), suggesting that valproic acid modulated CHK2 levels and activity through a mechanism other than transcriptional control. Additional analyses of the bioinformatics data from HepG2 cells also revealed no changes in CHK2 transcripts, but did demonstrate a significant change in p21 and CHK1 transcripts. Notably, a pathway analysis of the valproic acid-treated cells showed a significant enrichment of gene sets for 'G1/S checkpoint', 'miRNAs involved in DNA damage response' and the 'statin pathway', in addition to 'Tp53 network'. These results suggested that the radiosensitizing effect of valproic acid is dependent on the status of p53, and the activity of other gene sets that have not yet been identified. Although the precise molecular mechanism by which valproic acid potentiates the effect of irradiation remains unknown, these data revealed that treatment with valproic acid and irradiation may enhance the radiosensitivity of p53-altered types of cancer.
